For the purpose of establishing a quantitative method of the adhesion strength of metal plating, scratch examination which is applying in ceramic coating was conducted and performed the comparison with the adhesion test of the ISO 2819 and Japanese Industrial Standards about the effectiveness. With diamond indenter having tip a radius of 0.2, 0.4, and 0.8 mm, scratched at a plating surface while gradually increasing load on the indenter and a load to generate a crack near the scratch was checked whether producing significant difference. In addition, the influence of material properties of the plating including crystal structure and the internal stress gave to the adhesion strength was examined. As a result, the adhesion strength decreased with the growth of the crystal, and it was revealed that the stress in the plating did not influence the adhesion strength.
Introduction
Adhesion strength is the one of the important parameter of the catalysis nickel phosphorus (Ni-P) having the wear-and corrosion resistance. There is the any estimation method from some standards reference, called as ISO 2819. 1) However, these are most of the quantity method. The quality methods have no seen. Furthermore, the specimen is cut to set the test machine. On the other hand, the scratched tester is used in the case of dry coating for example titanium nitride (TiN). [2] [3] [4] [5] [6] [7] [8] [9] In the experiment on the plating are never seen.
The cause the thickness of the plating is larger than that of the dry coating. And, the combination between the substrate and plating are very various. The systematical data are rarely. The advantage of the scratch test is as follows: the numerical measurement for the loading. The fracture mode is estimated by microscope. [10] [11] [12] [13] [14] They enable us to evaluate the surface property. In this study, Ni-P plating which are practical used as mechanical parts (e.g., metal mold, shaft of printing machine) was applied. 15, 16) Substrate is the steel and the thickness of plating is constant. The temperature of the heat treatment was prepared. Scratch condition is the adjusted form dry coating. Results of the scratch test were comparison to the conventional method (bending test and heat impact test). Moreover, the influence of the hardness and residual test in the plating on the adhesion strength was discussed.
Experimental procedure

Material and specimens
The all specimens of the film thickness are 30 µm constant. The substrate material is cold rolled steel (carbon: 0.20 mass %). Plating type is electro less. The thickness of the substrate plate is 1 mm to use the bending test. Figure 1 shows the cross-section microstructure of after the plating. Specimen was etched by 3 vol % nitric acid ethanol. The volume of phosphorus is 8 mass % from the fluorescence X-ray spectrometry. Heat treatment was done to make the several of the mechanical properties. The range of the temperature is form 473 to 873 K at keeping time is 60 min and furnace cooling. And, non-heat temperature specimen was added.
Adhesion test
Scratch tester instrument (CSM-Revetest type) was used.
Scratch speed is 10 mm/min. Scratch length is 5 mm, respectively. A diamond indenter was attached. The top radius is there types: 0.2, 0.4, and 0.8 mm. The critical load determined from the crack generate in the perpendicular to scratch direction. The phenomenon is evaluated by optical microscope. The loading speed is 100 N/min.
Heat impact test was done under air furnace atmosphere in the 573 K. Specimens were kept cool at water quickly. This way is referred to ISO 2819. Water temperature is 297 K.
In the case of the bending test, Specimens are bent by the metal role, and surface observation using microscope. The radius of the bending roller is 10 mm. The de-bonding or not de-bonding was evaluated. 90°and opposite side again. The de-bonding definite that substrate surface appears.
Mechanical properties
Hardness and Residual stress in the plating were measured to investigate the relation between mechanical properties on the adhesion strength. Hardness is obtained by the Vickers hardness test. The loading vale was set at 50 gf (490 mN). The effect of substrate material was eliminated. Testing instrument type is Akashi MHV-2. The keeping load time is 15 s.
Residual stress in the nickel layer was measured using X-ray diffraction technique Stresses were analysis by sin 2 ¼ method. [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] X-ray Stress meter is Rigaku MSF. Main conditions were listed in Table I . Figure 2 shows the surface observation from optical microscope after the scratch test. The load was increased (direction: from left to right). We defined the critical load when crack generate through the under the indenter as this figure. The width of the trench is increasing with the loading. Figure 3 shows the relation between the critical load and the heat treatment temperature in each specimen. The critical load decreased rapidly with the temperature, and the tendency soon changed to an increase at 600 K.
Results and discussion
Scratch test
The highest value is 473 K specimen when the indenter radius is 0.8 mm. The overall values of the critical load increase with the radius of the indenter. Because shape of the indenter is blunt, stress intensity concentration was small. 30) Thus sensitivity of the measurement was involved. Thus, 0.8 mm indenter radius is suitable to evaluate the adhesion strength of the plating.
Comparison to conventional adhesion test
The results of the conventional adhesion test and scratch test were listed in Table II . In the case of the heat impact test, deboning of the plating was not seen. On the other hands, the largest value in the scratch test, while the 473 K temperature specimen. This is considered to originate in the difference in both evaluation methods.
In the case of the bending test, plastic deformation of the substrate material is very large; it is trend that crack and debonding generate. In the case of the scratch test, the load at the time of a crack occurring into the plating is evaluated. On the other hand, there is no plastic deformation in the substrate material. Therefore, it is effective method for the estimation of the adhesion test. 473 K temper is used to remove the hydrogen gas called as the baking treatment. If plating parts was 473 K tempered, the adhesion strength is improved. It is interesting on manufacture that 473 K still showed the best value. Results from scratch test are equal to the result of the bending test. This means supplying the good result to adhesion as a result, when aimed at the plating conditions which carried out actual examination. heat treatment in the range of the 473 to 673 K. In the over the 673 K, there is a tendency the hardness decrease. The cause the coarse grain of the crystal is generated from recrystal due to the heating. And, pushups combination is thesis. These factors make the nickel plating softer. Figure 5 shows the correspondence relation between the surface hardness of obtained plating and a scratch test. These relations show that the critical de-bonding load in a scratch test is decreasing with the increase of the hardness. It was found that the increase in hardness decreases adhesion and it is thought that the validity of a scratch test result can be shown in that sense. Moreover, it is also considered that the increase in hardness reduces the toughness of plating. Therefore, an understanding is possible also as an index by which the toughness on the surface of plating is evaluated. The hardness of the 473 K specimen is equal to the highest value of the critical load specimen. The difference of the amount of the hydrogen gas changes the adhesion strengths. Hardness is no relation to the adhesion strength under the 473 K.
Residual stress
Residual stress was evaluated in order to investigate the influence on the difference of critical load in the range of 573 to 773 K. A value of hardness is almost constant. Residual stress is effected adhesion strength. 31) Applied area in the X-ray method is only crystal construction. Thus crystal structure over the 573 K specimens. The residual stresses of each specimen were measured X-ray diffraction. Figure 6 shows the X-ray profiles in each specimen. In X-ray diffraction, the peak chose and measured the crystal of nickel phosphorus alloy observed clearly. It turns out that the nickel phosphorus compound which has crystal structure by heat treatment. The central peak profile means the nickel alloy diffraction. Residual stresses were calculated by the shift of the peak profile. Figure 7 shows the relationship between residual stress and adhesion strength. From the figure, there is a tendency for stress is constant. The value of the tensile stress is under the 20 MPa. Change of the residual stress is smaller. The factor of the residual stress on the adhesion strength is little. In these domains, residual stress are not affected the adhesion strength. In the range of the 673 to 873 K, cause of the improve of the adhesion strength is growth of the crystal structure.
Conclusions
(1) When a scratch test is applied to Ni-P plating, a crack will occur right-angled to the direction of movement of plating surface. The adhesion strength of plating can be quantitatively expressed with making load at this time into de-bonding.
(2) The critical de-bonding load searched for by scratch test once decreased greatly, and Ni-P plating showed the increasing tendency above 573 K, when heat treatment temperature became large.
This means that the resistance to cracks and de-bonding of the plating changes with heat treatment, and can evaluate adhesion strength was evaluated by scratch test quantitatively.
(3) In the adhesion method in a conventional standard, although all specimens passed by the thermal shock test, only the case where 573 K heat treatment was performed passed the bending test, and it brought a result which differs by two methods.
On the other hand, doing the scratch examination by an indenter with a tip radius of 0.8 mm can estimate the superiority or inferiority quantitatively using de-bonded load.
(4) The influence of the mechanical properties to the adhesion strength of Ni-P plating was considered. As a result, adhesion strength decreases with the increase of the hardness. Moreover, as residual stress, change is not seen in the range of heat treatment of over the 573 K specimen. And stress does not influence adhesion strength in this range.
